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a  b  s  t  r  a  c  t
In  our  previous  research,  the  immobilization  of  formaldehyde  dehydrogenase  (FDH)  onto  mesoporous
silica  (MPS:  pore  size  = 12.3  nm)  was  investigated.  However,  this  method  could  not obtain  the  thermal  sta-
bility  of  the  enzyme.  To  solve  this  problem,  FDH  was  immobilized  on  mesoporous  zirconia  material  (MPZ)
with  a  lower  thermal  conductivity.  MPZ  was  synthesized  using  [poly(ethylene  glycol)–poly(propylene
glycol)–poly(ethylene  glycol)  (Pluronic  P123,  EO20PO70EO20)],  zirconium(IV)  n-propoxide  (ca. 75% in 1-
propanol),  acetylacetone,  1, 3, 5-trimethylbenzene,  and  ethanol.  The  material  retained  high  surface  area
(113.6  m2/g)  and  pore  volume  (0.27  cm3/g).  It was  characterized  by  Brunauer–Emmett–Teller  surface
area,  Barrett–Joyner–Halenda  pore  size  distribution,  X-ray  diffraction,  ﬁeld-emission  scanning  electron
microscopy,  transmission  electron  microscopy,  and  energy-dispersive  X-ray  spectroscopy.hermal stability Thereafter,  FDH  immobilized  on MPZ  showed  higher  catalytic  activity  than  that on  MPS.  Enhancement
of  catalytic  activity  was obtained  by improving  the  substrate  afﬁnity  derived  from  interparticle  voids
of  MPZ.  In addition,  the  FDH  immobilized  on  MPZ  had  a very  great  higher  thermal  stability.  Further
investigation  using  transmittance  Infrared  spectroscopy  indicated  that the  high-order  structure  of  the
FDH immobilized  on  MPZ  did not  get  altered  after  the heat-treatment.
© 2014  The  Ceramic  Society  of  Japan  and  the  Korean  Ceramic  Society.  Production  and  hosting  by
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F. Introduction
Among these pollutants, volatile organic compounds (VOCs)
ave drawn signiﬁcant interest since they have been reported to
nduce sick house syndrome and to have chronic and acute health
ffects [1,2]. In particular, formaldehyde, one of the harmful VOCs,
s of great signiﬁcance. Even low concentration of formaldehyde,
uch as 10 M,  adversely affects the human body, for example,
nger and cancer [2–5]. Therefore, development of a sensor is
ighly required for measuring VOCs, such as formaldehyde, with
igh sensitivity and selectivity from the environmental and medi-
al viewpoints.∗ Corresponding author.
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Currently, standard methods for the detection of formaldehyde
nclude visible absorption, HPLC, gas chromatography, and ﬂuo-
ometry [6–8]. Even though these formaldehyde sensors can be
easured at a very low concentration of <0.1 nM,  the size of equip-
ents is very large, and it takes a long time for measurements.
maller size of sensors unfortunately results in lower sensitivity.
From the above reasons, we  pay attention to high sensitivity
nd selectivity of enzymes. Campanella et al. [9,10] have developed
n enzyme electrode for phenol determination which is capable
f being used also in non-aqueous solvents and a recently pub-
ished paper investigated the sensitivity of biosensors to phenol
r p-cresol, working in n-hexane, chloroform or mixtures thereof.
ormaldehyde dehydrogenase (FDH) is known to react to formalde-
yde with high selectively and sensitivity. FDH derived from
seudomonas putida (molecular size: 8.6 nm × 8.6 nm × 19.0 nm) is
 dimeric molecule with a molecular weight of 85,757.2 Da, which
as a Zn[II] ion within its active site. Therefore, we  are working on
he development of formaldehyde biosensor using FDH.
While enzymes can be used as biosensors, enzymes are gener-
lly known to be unstable under high temperature and to organic
olvents besides having a higher cost, thus limiting their practical
pplication. In order to ﬁnd a solution to stability issue, we have
orked on the enzyme immobilization onto mesoporous silica
MPS), with the aim of enhancing the enzyme activity and stabil-
ty under a wide range of practical conditions [11]. In recent years,
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PS  was veriﬁed to be one of the most effective solid supports to
mmobilize a wide variety of enzymes owing to its large speciﬁc
urface area and uniform pore size [12–18]. In a previous research,
e immobilized an enzyme in MPS  to be used in various environ-
ents [11]. However, thermal stability of the enzyme immobilized
n MPS  did not improve. It was considered that the thermal energy
as transmitted to the enzyme by thermal conductance of silica
11]. From the above results, we turned our focus on the zirconia
ith a lower thermal conductivity as an enzyme immobilization
upport.
Zirconia has high boiling point, strength, toughness, hardness,
ear resistance, and good frictional resistance, thus making it an
xcellent refractory material. It acts as a non-magnetic electrical
nsulator with low thermal conductivity, and has good corrosion
esistance in acidic and alkaline environments [19]. Due to its high
xygen ion conductivity it is also used in structural ceramics, soled
atalysts, oxygen sensors, electric materials for high temperature
uel cells [19–28]. The most important application of the zirconia
s that it can be used as a catalyst. It has a high melting point and
igh thermal stability under reducing or oxidizing environments,
arking it an excellent catalyst support even under harsh condi-
ions [29]. It is chemically more stable than the traditional support
aterials such as -alumina, zeolite, and MPS  [30]. Additionally, it
lso possesses unique bifunctional characteristics of weak basic and
cidic properties, and can function as a catalyst support or catalyst
y itself [19,31,32].
The effective use of zirconia as a catalyst and catalyst support
equires a high speciﬁc surface area with suitable pore structure.
hus, synthesis of mesoporous zirconia (MPZ) by using liquid crys-
al template technique was demonstrated by Sudhakar Reddy and
ayari [33] in 1996 for the ﬁrst time. Most of the synthesized pure
PZ  can be pore size controlled only a small size. However, Rezaei
t al. [34] succeeded in the synthesis of MPZ  with large pore size
y using ethylene diamine along with P123 block copolymer as
 template. For the materials calcined at 600 ◦C, the surface area,
ore volume, and pore size ranged from 128.5 to 138.2 m2/g, 0.1 to
.4 cm3/g, 4.00 to 11.3 nm,  respectively. In recent years, those stud-
es are progressing for a wide range of applications such as thin ﬁlm
f MPZ  on a substrate.
Next, we presented the improved activity and cost performance
f enzyme immobilized on MPS  with an interparticle mesoporous
tructure (IPMPS), in order to solve the problem of high cost [35].
PMPS materials have a uniform pore size with very low volume
ompared to conventional MPS. Using such a material, the aggre-
ation of the enzymes immobilized on this support is spatially
uppressed. Simultaneously, the substrate afﬁnity is greater in the
ase of enzymes immobilized on conventional supports. Thus, the
nzymes immobilized on IPMPS exhibited a high relative activ-
ty, despite the small amount of adsorbed enzyme. We  achieved
mprovement of enzyme activity and cost reduction.
To the best of our knowledge, there was no report on improve-
ent in the thermal stability and structural change of enzyme in the
mmobilized FDH on zirconia. We  synthesized MPZ  with interparti-
le pore structure using Pluronic P123, zirconium(IV) n-propoxide
ca. 75% in 1-propanol), acetylacetone, trimethylbenzene (TMB),
nd ethanol. In this study, we present that FDH raised substrate
fﬁnity and thermal stability though immobilization on the MPZ
ith interparticle pore structure.
. Experimental procedure.1. Materials
FDH from P. putida (molecular size: 8.6 nm × 8.6 nm × 19.0 nm)
btained from Toyobo. Co., Japan. Triblock co-polymer of
t
r
f
lamic Societies 2 (2014) 11–19
oly(ethylene glycol)–poly(propylene glycol)–poly(ethylene gly-
ol) (Pluronic P123, EO20PO70EO20, Mn  ca. 5800 g/mol) was
urchased from Sigma–Aldrich Co., St. Louis, MO.  Phenyl-
riethoxysilane was  purchased from Shin-Etsu Chemical Co.,
okyo, Japan. Zirconium(IV) n-propoxide (ca. 75% in 1-propanol),
cetylacetone, 25% ammonia solution, and 99.5% ethanol were
urchased from Wako Co., Tokyo, Japan. All the reagents are
pecial-grade chemicals.
.2. Synthesis of MPZ
The following cocktails C-1 were employed: C-1: 0.03 M of zir-
onium(IV) n-propoxide, 0.017 M of acetylacetone, and 0.17 M of
thanol were mixed.
MPZ  was prepared as follows: 1 g of triblock copolymer
Pluronic P123) was  dissolved in 26 mL  of deionized water and
dded to 0.75 g of 28% aqueous ammonia solution. The solution
as stirred for 2 h at room temperature, and then C-1 was  added
o the mixture. The suspension was stirred for 3 h at RT and for
nother 48 h at 90 ◦C in temperature-controlled bath. After cool-
ng, solid material was collected by the centrifugation, and washed
ith de-ionized water and acetone. The ﬁnal product was dried at
00 ◦C for 24 h and calcined at 500 ◦C for 4 h.
.3. Synthesis of MPS
The MPS  materials were prepared by using the triblock copoly-
er  Pluronic P123, TEOS, and n-decane as reagents for controlling
he morphology. In a typical procedure, TEOS (2.13 g) was  added
rop wise to a solution of P123 (1 g) in 10 M HCl (3.7 mL)  and H2O
31.3 mL). This mixture was  stirred at 40 ◦C for 20 h and then trans-
erred to an autoclave for further reaction at 100 ◦C for 24 h. The
roduct was  ﬁltered, dried at 80 ◦C for 10 h, and then calcined at
50 ◦C for 4 h in air (heating rate of 1 ◦C/min). In some cases, n-
ecane (7.5 g) was added to the HCl solution containing P123 before
ddition of the TEOS.
.4. Synthesis of MPS with IPMPS
The IPMPS materials were prepared as follows: a 28% ammo-
ium solution (400 L) was added to deionized water (2.6 mL).
fter gently stirring this solution, TEOS (3 mL)  was added to the
ixed solution. The resulting mixture was stirred for 1 day at room
emperature and then frozen at −30 ◦C for one day. The frozen
ample was  then freeze-dried to obtain the IPMPS.
.5. Characterization of porous materials
The particle morphology of the MPS  materials was  observed via
eld-emission scanning electron microscopy (FE-SEM: S-4300, Shi-
adzu Co., Kyoto, Japan) with an accelerating voltage of 10.0 kV.
ransmission electron microscopy (TEM) and scanning TEM (STEM)
mages were taken using a JEOL JEM 2010 (JOEL Ltd., Tokyo, Japan)
perated at 200 kV. The surface area, pore diameter, and pore
olume were determined from nitrogen adsorption/desorption
easurements using a Shimadzu TriStar 3000 system. Pore diam-
ter distributions were calculated from the desorption branches
sing the Barrett–Joyner–Halenda (BJH) method. The speciﬁc sur-
ace area was  calculated using the Brunauer–Emmett–Teller (BET)
ethod based on the desorption isotherms. Small-angle X-ray
iffraction (SAXRD) spectra were recorded on an X-ray diffrac-
ometer (RINT-2550VB3L, Rigaku Co., Tokyo, Japan) with CuK,
adiation at 40 kV, and 200 mA.  The particle diameter and sur-
ace potential in the buffer solution were measured using dynamic
ight scattering (DLS, Otsuka Electronics Co., Tokyo, Japan) and
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eta-potential (-potential, Otsuka Electronics Co., Tokyo, Japan)
nalyses, respectively.
.6. Immobilization of FDH onto porous materials
Facile preparation of immobilized FDH was  performed as fol-
ows: 100 L of FDH/50 mM–pH 7.0–phosphate buffer solution
0.5 mg/100 L) was added to 700 L of the same buffer. Three
illigrams of porous materials were added in FDH solution and
he mixture was stirred at 4 ◦C for overnight. The precipitate was
eparated by centrifuge at 4 ◦C with 12,000 rpm for 10 min. Then,
DH immobilized on MPZ  was washed with cold deionized water,
nd stored at 4 ◦C. FDH immobilized MPZ  are named, for example,
PZ–FDH.
.7. Assay of FDH activities
Three milligrams of immobilized FDH were added to a mixture
ontaining 100 L of 7.68 mM formaldehyde solution as a sub-
trate, 100 L of nicotinamide adenine dinucleotide (NAD) solution
4 mg/mL), and 800 L of 50 mM–pH 7.0–phosphate buffer solu-
ion. The mixture was stirred at room temperature for 8 min. After
he enzyme reaction, immobilized enzyme was  separated using
entrifuge at 4 ◦C with 12,000 rpm for 2 min. Amount of NADH was
etermined with UV–vis spectrophotometer at ﬁxed wavelength of
40 nm (BioSpec-1600, Shimadzu, Kyoto, Japan), and the enzyme
eaction is as under Eq. (I):
CHO + NAD + + H2O → HCOOH + NADH + H+ (I)
The activity of non-immobilized FDH (the native) was  measured
s a positive control. The enzyme activity (Unit) of FDH was deter-
ined by using Eq. (II):
nzyme (Unit) = (Absorbance value)/((Molecular weight of NADH)
× (Amount of enzyme adsorption) × (reaction time)) (II)
.8. Stability of FDH under various conditions
Thermal stability of immobilized FDH was investigated. Three
undred micrograms of the native or 3.0 mg  of immobilized FDH
as added to 800 L of 50 mM–pH 7.0–phosphate buffer solution.
he suspension was incubated at 40 ◦C for at a constant interval
0, 10, 20, 30, 40, and 50 min), and then cooled to room tempera-
ure. After the treatment, immobilized FDH was washed using cool,
eionized water, and then remaining activity of enzyme was mea-
ured. The thermal-treated suspension was added to the mixture
f 100 L of NAD solution (4 mg/mL) and 100 L of 7.68 mM HCHO
olution, and then remaining activity of FDH was measured. The
ctivity of native FDH was measured as a positive control. Denatur-
tion temperature of the native, immobilized FDH on MPZ, and MPS
a
i
t
t
able 1
tructural properties of mesoporous materials.
Sample name Pore sizea [nm] Surface areab [m2/g] Pore volumea [cm
MPZ  12.2 70.55 0.2 
MPS  13.2 723.7 1.8 
IPMPS  14.4 291.8 0.9 
a Calculated according to BJH analysis (adsorption branch between 1.7 and 300 nm dia
b Speciﬁc surface area according to BET.
c Pore structure was  obtained from small-angle X-ray diffraction (SAXRD) peaks.
d Calculated value was obtained from zeta potential and particle size distribution measamic Societies 2 (2014) 11–19 13
ere measured by DSC (DSC-120U, Seiko Instrument Inc., Tokyo,
apan).
.9. Analyses on structural orderliness of immobilized FDHs
The secondary structures of the native and immobilized FDH
ere analyzed using FT-IR. The FT-IR spectra of native FDH
nd immobilized FDH were recorded at room temperature on
 Perkin-Elmer Spectrum GX FT-IR Spectrometer System using
 mercury–cadmium–tellurium detector (MA, resolution, 4 cm−1;
umber of scans, 64).
The secondary structure of native and immobilized FDH was
etermined by circular dichroism (CD) spectropolarimeter (J-820K,
ASCO Co., Tokyo, Japan) in the wavelength range 190–260 nm
sing a quartz cell (optical path length 0.1 cm) and an integration
umber of 16. CD spectra were measured when concentrations
f the native, FDH immobilized on MPZ, MPS, and IPMPS were
repared at 6.0 × 10−7, 4.1 × 10−6, 4.1 × 10−6, and 4.1 × 10−6 M,
espectively.
. Results and discussion
.1. Properties of mesoporous materials
The structures of the MPZ, MPS, and IPMPS samples were
haracterized based on their BET surface areas, BJH pore-size dis-
ributions, TEM, FE-SEM images, and -potentials. The structural
roperties of the MPZ, MPS, and IPMPS materials as determined
ased on the BET, SAXRD, -potential measurements, and average
article diameter analyses are summarized in Table 1.
In Fig. 1, the pore-size distribution curves and the nitrogen
dsorption–desorption isotherms obtained using the BJH and the
ET methods, respectively, are plotted for the MPZ  [circular], MPS
square], and IPMPS [triangle] samples. The MPS  material exhib-
ted type IV [H1] curves, indicating the presence of a cylindrical
esoporous structure on its surface [35]. On the other hand, MPZ
nd IPMPS did not have a type IV [H1] structure. The surface areas
f synthesized MPZ, MPS, and IPMPS materials exhibited 70.55,
23.7, and 291.8 m2/g and pore volumes of 0.2, 1.8, and 0.9 cm3/g,
espectively. The average pore diameters of the MPZ, MPS, and
PMPS samples were controlled at approximately 13 nm,  respec-
ively. The suitability of this MPS  pore size for the molecular size
f FDH has been demonstrated previously [11], and thus all sam-
les had an optimum pore size for FDH immobilization. In Fig. 1, it
an be seen that the MPZ  and IPMPS materials had a signiﬁcantly
educed pore volume because of its noncylindrical pore structure.
E-SEM images of the MPZ, MPS, and IPMPS materials are shown
n Fig. 2(a)–(c). The MPS  sample was composed of large particles
∼500 nm), while the MPZ  and IPMPS materials were composed of
ggregates of differently sized particles (100–400 nm). This result
ndicates that a heterotypic sol–gel reaction occurred because of
he presence of an excessive amount of ammonia in the case of
he MPZ  and IPMPS materials. The TEM images of the MPS  and
3/g] Pore structuresc Zeta potentiald [mV] Average particle
diameterd [nm]
Disordered 19.5 274.7 ± 146.0
2D-hexagonal −13.8 480.6 ± 281.4
Disordered −30.9 288.5 ± 168.0
meters).
urements.
14 Y. Masuda et al. / Journal of Asian Cer
Fig. 1. Nitrogen adsorption–desorption isotherms and BJH analysis [inset] for MPZ
[circular], MPS  [square] and IPMPS [triangle].
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Fig. 2. FE-SEM (a–c) and TEM (A–C) images of the synthesized mamic Societies 2 (2014) 11–19
PMPS materials are presented in Fig. 2(A)–(C), respectively. As can
e seen in these images, the MPS  material was  formed as uniform
nd small domains of cylindrical small pores (13.2 nm), while the
esopores of MPZ  and IPMPS were not regularly arranged. Thus,
he porous structure of the MPZ  and IPMPS sample was  determined
rom the TEM images. Next, the pore structures were investigated
sing SAXRD analysis, and the results are shown in Fig. S1. The MPS
aterial exhibited diffraction peaks (1 0 0, 1 1 0, and 2 0 0) corre-
ponding to an ordered two-dimensional hexagonal mesostructure
p6mm) [36]. In contrast, the respective mesoporous structure of
he MPZ  and IPMPS materials was  not well-ordered (Fig. S1). It
as thus concluded that the shape of the pore structure of the
PZ  and IPMPS materials is regular, but with varying pore spaces.
herefore, the supports have interparticle pore structure appears
o have a “disordered pore structure” based on the low-angle X-ray
iffraction analysis.
We investigated the surface composition and elemental com-
osite by wide-angle XRD and EDX, respectively. The XRD patterns
f MPZ  material are shown in Fig. S2. The sample exhibited the
esoporous materials. (A, a): MPS, (B, b): IPMPS, (C, c): MPZ.
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FFig. 3. EDX proﬁles and EDX mapping images of MPZ. The zir
iffraction peak (1 0 1, 1 1 0, 1 1 2, and 2 1 1) corresponding to crys-
al structure of tetragonal phase with high thermal, mechanical,
nd structural stability [37]. Fig. 3 shows an EDX, scanning TEM
STEM) image, and several elemental mapping images. Not only
he zirconium mapping images but also the oxygen ones conform
o the STEM image.
.2. Activity evaluation of FDH immobilized on porous materials
We  compared the activity of the FDH immobilized on those sup-
orts. FDH was immobilized on MPZ, IPMPS, and MPS  with the
ighest activity in previous study [11]. Fig. 4 shows the relative
ctivity and adsorbed amount of FDH immobilized on MPZ, MPS,
nd IPMPS. Adsorbed amount of enzyme on MPZ  and IPMPS was
ess than that on MPS, because MPZ  (surface area: 70.55 m2/g, pore
olume: 0.20 cm3/g) and IPMPS (surface area: 291.8 m2/g, pore vol-
me: 0.90 cm3/g) have lower surface area and pore volume than
PS  (surface area: 723.7 m2/g, pore volume: 1.8 cm3/g). Activity of
ative FDH was measured as a positive control. Relative activity to
t
s
h
a
ig. 4. (a) FDH adsorption on different supports. Immobilized method was  shown in Sect and oxygen mapping images all agree well the STEM image.
he native was  lower than 100%, but activity had a maximum when
DH was immobilized on MPZ  and IPMPS. In the previous study, we
howed that substrate afﬁnity of FDH is improved by immobilizing
n a support having an interparticle pore structure [34]. Therefore,
e performed a kinetic analysis of FDH, which was immobilized on
he MPZ.
.3. Kinetic studies of native FDH and immobilized FDH
The kinetic properties of FDH immobilized on MPZ  and each
PSs, including the Michealis constant, Km; the maximum rate,
max; and the turn over number, Kcat; were determined for the
nzyme reaction (Table 2). The Kcat/Km value of FDH immobilized
n MPZ  was  comparable to that of the native. These results show
hat FDH immobilized on MPZ  has better effect on enzyme activity
han that on MPS. Particularly, Km value of MPZ–FDH was  con-
picuously higher than that of others. This is consistent with our
ypothesis that interparticle voids can facilitate substrate diffusion
nd, therefore, enhance the apparent enzymatic activity. However,
ion 2.6. (b) Relative activities of FDH immobilized on each mesoporous materials.
16 Y. Masuda et al. / Journal of Asian Ceramic Societies 2 (2014) 11–19
Fig. 5. (a) FT-IR spectra of the native and immobilized FDHs on various MPS  materials. The native FDH is denoted by the solid line. The FDHs on MPZ, MPS  and IPMPS are
denoted by the dashed, dotted and dot–dot dashed lines, respectively. (b) Circular dichroi
is  denoted by solid line. FDHs on MPZ, MPS  and IPMPS are denoted by dashed, dotted and
Table 2
Apparent Km, Kcat, and Kcat/Km values at three mesoporous materials, calculated
using the Michaelis–Menten equation.
Sample name Km [mM] Kcat [min−1] Kcat/Km
Native 0.249 12.1 48.6
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lMPZ  0.117 5.23 44.7
MPS  0.509 3.62 7.11
IPMPS 0.285 6.18 21.7
he Kcat value of MPZ  was lower than that of IPMPS. From these
esults, we suggested that FDH immobilized on MPZ  led to dena-
uration.
.4. Structural changes in the immobilized FDH
Next, we analyzed the structure of FDH in order to study the
nﬂuence of the electrostatic interactions between the enzyme and
he silica materials. Changes in the secondary structure of FDH
mmobilized onto the three porous materials were analyzed using
T-IR and CD spectra.
According to the literature [38–43], the contribution of
he -sheet, unordered, and -helix content can be identiﬁed
ased on the amide I peaks at approximately 1670, 1660, and
650–1640 cm−1, respectively, while peaks in the 1680–1690 cm−1
egion reﬂect the contribution of the antiparallel -sheet. Fig. 5(a)
t
2
t
u
ig. 6. (a) Thermal stability as a function of time for the native [circle] and immobilized FD
.0–phosphate buffer. Initial activities are considered as 100%. (b) Differential scanning ca
ine],  MPS  [dotted line] and MPZ  [dot–dot dashed line].sm spectra of the native and immobilized FDHs on various absorbents. Native FDH
 dot–dot dashed lines, respectively.
hows the amide I region of FT-IR spectra measured over the wave-
engths range 1700–1580 cm−1 for native and immobilized FDH
amples. The -helix and -sheet conformation of FDH are pre-
ented in Scheme S1. The bands at 1650, 1690, and 1630 cm−1
uggest the presence of the -helix, antiparallel -sheet, and
-sheet, respectively [43,44]. The band indicating the presence
f a random coil arises near 1540 cm−1. The maximum peak
or the native FDH [solid], FDH immobilized on MPZ  [dashed
ine], MPS  [dotted line], and IPMPS [dot–dot dashed line] occur
t 1655, 1648, 1655, and 1655 cm−1. This result suggested that
DH immobilized on MPZ  increased content of the -sheet.
hese results indicate that the enzyme did not alter any struc-
ural changes when immobilized on the two pore structures, but
nzyme led to structural changes by immobilization on zirco-
ia.
CD spectra measurements were carried out to analyze the
hanges in secondary structure of the enzyme. Fig. 5(b) shows the
D spectra measured at wavelengths of 190–260 nm for native
nd immobilized FDH suspended in 50 mM–pH 7.0–phosphate
uffer solution. The spectrum of the native [solid line] shows broad
egative peaks from 208 to 222 nm,  suggesting a combination of
wo different structures: -helix with the inverted peaks 222 and
08 nm,  and -sheets with the inverted peak at 217 nm.  Similar to
he results of the FT-IR analysis, FDH immobilized on MPZ  supports
ndergo a structural change.
Hs on MPZ  [white circle], MPS  [triangle] and IPMPS [square] at 40 ◦C in 50 mM–pH
lorimetry curves for the Native [solid line] and immobilized, FDH on MPZ  [dashed
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ffected by the electrostatic interaction [44]. Table S1 shows the
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PZ  will have a positive charge. The interaction between the FDH
nd MPZ  is very strong, because surface potential of enzyme has
 negative charge. Therefore, FDH immobilized on MPZ  caused the
tructural change.
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i
bs on various supports after thermal process. FT-IR: (a)–(c), CD spectra: (A)–(D).
.5. Assays of FDH stability after thermal treatment
Numerous papers have been published to point out that the
tability of enzymes can be enhanced by immobilizing onto inor-
anic materials [45]. Therefore, we also evaluated the stability of
mmobilized FDH after thermal treatment.
Fig. 6(a) illustrates the residual activities of native and immo-
ilized FDH after thermal treatments at 40 ◦C for different time
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eriods. FDH immobilized on MPZ  showed improved thermal sta-
ility, but with FDH immobilized on MPS  and IPMPS thermal
tability was not improved. FDH immobilized on the MPS  had a
enaturalization owing to thermal energy transmitted from silica
all (thermal conductivity of silica and zirconia: 8 and 3 W/m  K),
espectively.
The starting temperature of denaturation of the native and FDH
mmobilized on MPZ, MPS, and IPMPS was measured using DSC
Fig. 6(b)). The denaturation temperature of the native was 51.8 ◦C.
n contrast, those temperatures of FDH immobilized on MPZ, MPS,
nd IPMPS were 78.9, 57.7, and 46.8 ◦C, respectively. This also indi-
ated that thermal stability of FDH was improved by encapsulated
n MPZ. We  believe that structural change of the enzyme was  less
ikely to occur by the strong interaction with the zirconia and the
irconia prevented the heat transfer from external to immobilized
DH.
.6. Structural changes in the immobilized FDH after thermal
rocess
In the next step, we incubated the native and immobilized FDH
t 40 ◦C for 50 min, and the thermal treated enzymes were carried
ut to analyze the changes in secondary structure of the enzyme.
ig. 7(a)–(c) demonstrated IR spectrum of immobilized FDH before
nd after thermal treatment. The maximum peak for FDH immobi-
ized on MPZ, MPS, and IPMPS occur at 1649, 1648, and 1646 cm−1.
y comparing the data obtained before and after thermal treat-
ent, it can be observed that FDH immobilized on MPSs induced
n increase in the -sheet content. On the other hand, FDH immo-
ilized on MPZ  did not alter any structural changes after thermal
reatment. Fig. 7(A)–(C) shows the CD spectra measured of native
DH and immobilized FDH before and after thermal treatment.
rom this result, native FDH increase the -sheet at the same
ime occur the thermal denaturation. FDH immobilized on MPSs
as also increased -sheet by a thermal treatment. Therefore, we
uggested that enzyme activity decreased by enzyme structural
hanges due to thermal treatment.
.7. Cycle test
The cycle performance of MPZ, MPS, and IPMPS was compared.
ig. S3 illustrates the cycle tests of FDH immobilized on MPZ, MPS,
nd IPMPS. After each cycle, the remaining activity was  recorded.
DH immobilized on MPZ  was only retained ∼80% of its initial
ctivity even after seven repeated reactions. These results indicate
hat FDH immobilized on MPZ  had higher cycle performance than
hat on MPSs. FDH immobilized on MPZ  decreased enzyme release
ecause of the strong electrostatic interaction with the zirconia.
. Conclusions
FDH was immobilized through physical adsorption into the
arefully controlled, size-optimized pores of three absorbents,
nd the performance of these catalysts was evaluated based on
heir enzyme activity, cycling characteristics, kinetic behavior, and
nzyme structure analyses in order to determine the optimal struc-
ure as the carrier.
FDH immobilized on the MPZ  support exhibited a higher activ-
ty than that on the MPS  material because of an increase in the
ubstrate afﬁnity resulting from the interparticle pore space. How-
ver, FDH immobilized on MPZ  was occurred a structural change
y a strong interaction of the zirconia has positive charge.
In addition, we also evaluated the stability of immobilized FDH
fter thermal treatment. As a result, we suggested that structural
[
[
[amic Societies 2 (2014) 11–19
hange of the enzyme was less likely to occur by the strong interac-
ion with the zirconia and the zirconia prevented the heat transfer
rom external to FDH.
Finally, we  examined structural changes in the immobilized
DH after thermal process. It was  found that the enzyme immobi-
ized on MPZ  is not affected even thermal treatment by the above
xperiments. It should also be noted that the potential of new MPZ
mmobilization carriers was  also demonstrated.
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